Abstract: Calreticulin (CRT) is a low molecular weight protein present in vertebrates, invertebrates and higher plants.
Introduction
Calreticulin (CRT) was first identified as a high-affinity Ca 2+ -binding protein in the sarcoplasmic reticulum (SR) of skeletal muscle (Ostwald & MacLennan 1974) . Different designations have been attributed to it, but the accepted term calreticulin reflects both its calcium binding nature and its localization in the SR/ endoplasmic reticulum (ER) of muscular/non-muscular tissues, respectively (Michalak et al. 1992) . It is present in vertebrates, invertebrates and higher plants (Michalak et al. 1999) . Its importance has been demonstrated by multiple functions both inside as chaperone and Ca 2+ buffer, and outside the ER in many physiological/pathological processes (Gold et al. 2010; Wang et al. 2012) . CRT also binds ATP (Corbett et al. 2000) and Zn 2+ (Baksh et al. 1995) , which affect its ability to suppress aggregation of non-glycosylated proteins (Saito et al. 1999) . Hence, CRT acts as a lectin chaperone, because it interacts with monoglycosylated proteins, and as a classical chaperone represented by its polypeptidebinding capacity to sense a protein conformational state (Saito et al. 1999) . CRT is involved in major histocompatibility complex (MHC) class I folding and high affinity peptide loading (Peaper & Cresswell 2008; Wearsch & Cresswell 2008) . Importantly, assembly occurs within the ER (Scholz & Tampe 2009; Van Hateren et al. 2010) and is dependent on CRT (Gao et al. 2002) . While calcium homeostasis and chaperoning are the most important CRT functions inside the ER, cell adhesion and regulation of gene expression seem to be its most important extra-ER functions. In addition to its physiological roles, CRT over-expression or its absence are linked to various pathological conditions, such as malignant evolution and progression. Evidence from numerous studies suggests that CRT over-expression is a pro-tumourigenic event in various cancers (Zamanian et al. 2013) .
CRT molecule can be divided into three domains (Michalak et al. 2009 ): the amino-terminal N domain, the flexible mid proline-rich P domain, both taking part in chaperone activity, and the highly acidic carboxylterminal C domain responsible for the Ca 2+ -buffering activity (Michalak et al. 2009; Wang et al. 2012 ) that ends with the ER-retrieval sequence (Fliegel et al. 1989 ). The overall shape of CRT includes a globular structure (N/C domains) (Kozlov et al. 2010; Chouquet et al. 2011; Pocanschi et al. 2011 ) and an extended arm-like hairpin structure (P domain) (Ellgaard et al. 2001) . In comparison to present information about the structure and the functions of CRTs, little is known about its evolution (Pinto et al. 2013 ). Evolution aspects are very important in studying the structure and function of a protein (Gaston & Roger 2013) . Generally, the primary structure of a protein dictates its fold and function, and cumulative changes in the sequence lead to the evolution of protein structures and functions (Kinch & Grishin 2002) . Full CRT coding sequence (CDS; nucleotides) and deduced amino acid sequence have been determined previously for many organisms. Several phylogenetic analyses were performed using both CDSs and amino acid sequences. All these analyses results evoked the efforts presented in this study to investigate for the presence of negative and/or positive selection in CRT molecular evolution. Interestingly, it was found that some of the negatively selected amino acid sites have been previously analysed using mutagenesis experiments and they were known to be structurally and functionally very important for the CRT.
Material and methods
CRT and calnexin (CANX) amino acid and coding region sequences from several species (Table 1) were aligned using T-Coffee multiple sequence alignment software package (Notredame et al. 2000) .
MatGAT (Campanella et al. 2003) was used in order to calculate similarity and identity of coding and amino acid sequences between species.
jModelTest (Posada 2008 ) was used to carry out statistical selection of best-fit models of nucleotide substitution to analysed organisms CRT molecular evolution. Analyses were performed using 88 candidate models and three types of criteria: Akaike information criterion (AIC), corrected AIC (cAIC) and Bayesian information criterion (BIC). ProtTest3 was used for the selection of the best-fit model of analysed protein evolution (Darriba et al. 2011) . One hundred and twenty-two candidate models and the three above-mentioned types of criteria were used in these statistical analyses. The CRT complementary DNA (cDNA) and amino acid sequences phylogenetic trees were built using the Bayesian inference (BI) method implemented in Mr. Bayes 3.2 (Ronquist et al. 2012) . CANX sequences were used as outgroups. Four independent runs, each one with four simultaneous Markov chain Monte Carlo (MCMC) chains, were performed for 1,000,000 generations sampled every 1,000 generations. FigTree v1.3.1 software was used to display the annotated phylogenetic trees. In order to detect the presence of positive or negative selection on CRT molecular evolution, statistical methods implemented in the HyPhy package (Kosakovsky Pond et al. 2005b ) were used; SLAC, FEL, REL and FUBAR soft-wares able to detect the presence of possible positive selection and MEME program able to detect even sites under episodic diversifying selection (Murrell et al. 2012) .
Results and discussion

Molecular clock tests
The molecular clock has become an indispensable tool within evolutionary biology, enabling independent timescales to be placed on evolutionary events (Loewe & Scherer 1997) . In its most extreme form, the molecular clock hypothesis postulates that homologous stretches of DNA evolve at essentially the same rate along all evolutionary lineages for as long as they maintain their original function. It was shown that the substitution rate of mitochondrially encoded proteins has increased in the order of fishes, amphibians, birds, and mammals and that the rate in mammals is at least six times, probably an order of magnitude, higher than that in fishes. The higher evolutionary rate in birds and mammals than in amphibians and fishes was attributed to relaxation of selective constraints operat-R. Bakiu ing on proteins in warm-blooded vertebrates and to the high mutation rate of bird and mammalian mitochondrial DNAs (Adachi et al. 1993) . Since the assumption of rate constancy is violated even within mammals, a truly universal molecular clock that applies to all organisms cannot be assumed to exist (Powell & Caccone 1989) . In order to know best-fit model to CRT and CANX protein sequences evolution, a Bayes factor comparison (Mr. Bayes 3.2) was performed to test the strict clock model against the non-clock model using amino acid sequences. We used an accurate assessment of the marginal model likelihoods using the steppingstone method. It estimates the model likelihood by sampling a series of distributions that represent different mixtures of the posterior distribution and the prior distribution (Xie et al. 2011) . The stepping-stone method was applied to the CRT and CANX dataset using 255,000 generations with a diagnostic frequency of 2,500 in 2 independent runs for each of the tested models. The marginal likelihood values are shown in Table 2 . The non-clock model (-11975,31 ) is almost 584 log likelihood units better than the strict-clock model (-12559,25) . A difference exceeding 5 log likelihood units is usually considered very strong evidence in favour of the better model (Kass & Raftery 1995) . Local molecular clocks are another alternative to the global molecular clock. A local molecular clock permits different regions in the tree to have different rates, but within each region the rate must be the same (Drummond & Suchard 2010). As it is shown in Table 2 , the non-clock model was even better than any of the local molecular clock models. Thus, the analysed CRT and CANX molecular evolution was based on the non-clock model. The molecular phylogeny was not constrained by any clock rate.
Phylogenetic tree constructions
In these analyses, including the CANX was decided because there is a high homology between CRT and CANX. Particularly, the N-domain of CANX, which is homologous to CRT, is primarily made of β-sheets and globular, with high homology to the structure of plant lectins, suggesting a role in the binding of monoglucosylated substrates to CRT as part of its chaperone role (Schrag et al. 2001) . Furthermore, previous work using the small angle X-ray scattering showed that the N-domain of CRT itself is indeed globular and fits well onto modelled CRT (Norgaard Toft et al 2008) .
MatGAT, a non-commercial software, was used to align the analysed coding and amino acid sequences and also pair-wise levels of similarity/identity were calculated. The minimal and maximal observed values in coding and amino acid sequences pair-wise alignments are shown in Table 3 . Maximal values of similarity and identity were observed in the pair-wise alignment between CRT sequences of Rattus norvegicus and Mus musculus in both types of sequence comparisons, nucleotide and amino acid sequences. In coding sequence comparisons, minimal values of similarity/identity were observed in the pair-wise alignment between Xenopus laevis CANX and Drosophila melanogaster CRT, and the minimal value of identity was observed in this pair-wise alignment when their protein sequences were aligned, too. In amino acid sequence comparisons, the minimal values of similarity was observed in the pair-wise alignment between Gallus gallus CRT and Xenopus laevis CANX. Another interesting observation was that amino acid sequences showed higher values of maximal similarity/identity than coding sequences, but lower values of minimal similarity/identity than coding ones.
All CDS were aligned using T-Coffee in combined libraries of local and multiple alignments, which are known to induce high accuracy and performance in sequence alignments (Fig. 1) . Only two regions of the CRT and CNX coding region sequences alignment are shown in Figure 1 . These are the best similarity regions. In the sequence alignment, each nucleotide is characterized by a colour corresponding to a score value. This colour can be blue for the minimum score value and dark red for the maximal score value. We used T-Coffee program for the alignment of amino acid sequences of the analysed CRT and CANX, too (Fig. 2) . The amino acid sequences alignment had better results than the CDSs alignment, because its alignment quality score value (SCORE=67) was higher than the corresponding value (SCORE=40) in the CDSs alignment. jModelTest 0.1.1 software determined the GTR+G model as being the best-fit model of all analysed CDS evolution with a γ shape value (four rate categories) of 0.7680 using all statistical criteria: AIC, cAIC and BIC (-lnL = 29034.99). Phylogenetic relationships of all these different organisms' CDSs were determined using the most powerful statistical method of BI. The best phylogeny generated by the BI method is depicted in Figure 3 .
ProtTest3 was used for amino acid sequence evolution best-fit model determination. JTT+G+F model was determined as the best one with a γ shape value (four rate categories) of 1.0 using all statistical criteria (-lnL = -11659.20) . The best phylogeny generated by the application of BI method into the amino acid sequences is shown in Figure 4 .
A tree topology comparison between coding and amino acid sequences phylogenetic trees was conducted. The results were that both phylogenetic trees were equally resolved and supported by high values of posterior probabilities. In each of the phylogenetic trees, the CANX were separated from CRT sequences and grouped together in one clade. The CDS phylogenetic tree topology suggested that CRT nucleotide sequences evolved more recently than CANX sequences. Contrary to CDS phylogenetic tree, the amino acid phylogenetic tree topology suggested that CANX is instead of CRT, a more recently evolved protein. It seems that CANX nucleotide substitutions probably affected the protein primary structure more severely than the CRT nucleotide substitutions.
Ictalurus puncatatus CANX was positioned differently in each of the phylogenetic tree. In the amino acid phylogenetic tree, the CANX clade was split into two clades: one contained the Danio rerio and Ictalurus punctatus CANX, and the other one was composed by Xenopus laevis, Gallus gallus, Bos taurus and Homo sapiens CANX. In the CDS phylogenetic tree, there was not any clade subdivision present and Ictalurus punctatus CANX was positioned nearer to Gallus gallus CANX than to Xenopus laevis CANX.
Paying attention to analysed CRT, more phylogenetic relationship discordances emerged by the comparison of amino acid and CDS phylogenetic tree results. In the amino acid phylogenetic tree there were two clades present. One of them contained all analysed fish CRTs and the other clade was composed of insects, amphibians, birds (Gallus gallus) and mammals CRTs. In the CDS phylogenetic tree there were two clades present, too. One of them was composed of three fish species CRT (Takifugu rubripes, Lates calcarifer and Paralichthys olivaceus) and the other clade contained all the remaining CRT CDSs. This last clade was split into two clades: one contained the amphibians and the fishes CRTs (except Danio rerio CRT) and the other one was composed by Danio rerio, insects, Gallus gallus and mammals CRTs. Probably, this emerged discordance from the comparison between coding region and amino acid sequences phylogenetic tree topologies may be linked to possible differences in substitution rates, which are usually caused by positive and/or negative selection.
Positively selected sites identifications
Evolutionary biologists have typically invoked two types of selective forces that shape the evolution of species. One is a purifying selection, which favours the conservation of existing phenotypes. The other one is a positive selection (also known as Darwinian selection), which promotes the emergence of new phenotypes. Positive selection can leave a set of telltale signatures in the genes under its influence, such as the rapid divergence of functional sites between species and the depression of polymorphism within species (Bamshad & Wooding 2003) . The imprint of natural selection (positive selec- Fig. 3 . Phylogenetic relationships among CRT and CANX coding region sequences using BI method (arithmetic mean = -29057.967; harmonic mean = -29083.977). Posterior probability values higher than 50% are indicated on each node. The scale for branch length (0.2 substitution/site) is shown below the tree. tion) on protein coding genes is often difficult to identify because selection is frequently transient or episodic, i.e. it affects only a subset of lineages. Existing computational techniques (FUBAR, SLAC, FEL and REL) implemented in HyPhy package (Kosakovsky Pond et al. 2005b ) were used; they are designed to identify sites subject to pervasive selection (a large proportion of positively selected sites). The investigations for positive or negative selection were focused to CRTs. These analyses were part of CRT molecular evolution study. Thus, all the mentioned methods were applied to the CRT CDSs alignment without considering CANX sequences any more. The different methods applications to these data yielded some differences in the identification of the negatively selected codon sites, but we tried to show only the commonly negatively selected sites. Only the R. Bakiu   Fig. 4 . Phylogenetic relationships among CRT and CANX amino acid sequences using BI method (arithmetic mean = -12412.893; harmonic mean = -12437.680). Posterior probability values higher than 50% are indicated on each node. The scale for branch length (0.1 substitution/site) is shown below the tree.
previously analysed and experimentally verified codons are shown in supplementary Table S1, whereas the full list of the negatively selected codons is shown in supplementary Table S2 . The reported results (Table S1 and S2) suggested that the purifying/negative selection had operated over all the primary structures of CRT in order to preserve its function.
These results were compared to other previously published results about CRT structure and function. The N-domain (residues 1-180) of CRT contains both polypeptide-and carbohydrate-binding sites and, together with the P-domain, it is critical to the chaperone function of the protein (Leach et al. 2002; Kapoor et al. 2004) . The N-domain conformation is dynamic and is stabilized by oligosaccharide binding (Saito et al. 1999; Conte et al. 2007 ) and the binding of Ca
2+
at a high-affinity site (Corbett et al. 2000) , though this binding does not affect its affinity for oligosaccharides (Conte et al. 2007) . Within the N-domain, there are specific amino acid residues that contribute to oligosaccharide binding and conformational stability of the protein (Leach & Williams 2003; Kapoor et al. 2004; Thomson & Williams 2005; Martin et al. 2006) . Mutational analysis revealed that specific amino acid residues are required for the CRT chaperone function (Guo et al. 2003; Martin et al. 2006) . Trp 302 in the carbohydrate binding N-domain as well as Trp 244 at the tip of the P-domain are both critical to the chaperone function of CRT (Martin et al. 2006) . The N-domain amino acid residue His 153 was found not only to be essential for chaperone function, but also important in the structure of CRT (Guo et al. 2003) . Surprisingly, when the disulphide bridge in the N-domain was disrupted (Cys 88 and Cys 120 ), there was only partial disruption of the CRT chaperone function (Martin et al. 2006 ). All the abovementioned amino acid positions corresponded to those of codon positions in the coding region sequence of crt gene, which resulted negatively selected as shown in Table S1. All these results showed that negative selection had operated on all previously experimentally verified amino acid residues located in N-and P-domains.
CRT binds Zn 2+ (Baksh et al. 1995) with low affinity , presumably through five highly conserved histidine residues located at its Ndomain (Baksh et al. 1995 (Pinto et al. 2013) . However, only codon 118 and 123 resulted negatively selected in these analyses.
The P-domain (residues 181-290) immediately follows the N-domain and forms a flexible arm domain (Ellgaard et al. 2001) . The P-domain of CRT is proline rich, which suggests that it may show conformational flexibility. This central proline-rich core is characterized by three copies of two repeat amino acid sequences (denoted type 1 and 2) and are arranged in a "111222" pattern (Ellgaard et al. 2001) . These repeats may play a role in oligosaccharide binding contributing to the lectin-like function of CRT. The P-domain adopts an extended conformation with antiparallel β-sheets between the repeated amino acid sequences; the domain as a whole protrudes out from the N-and C-domains (Ellgaard et al. 2001) . The extended protrusion requires a β-hairpin turn at amino acid residues 238-241; small angle X-ray scattering analyses showed that this is in a spiral-like conformation (Norgaard Toft et al. 2008) . In these analyses, codons 239 and 241 were negatively selected and these results further confirmed the functional and structural importance of the β-hairpin or showed that these analyses are really significant.
Transverse relaxation optimized spectroscopy in NMR experiments showed that the tip of the P-domain protrusion accounts for the binding site of ERp57, an oxidoreductase-folding enzyme (Frickel et al. 2002) . This might involve specific amino acid residues including Glu 239 , Asp 241 , Glu 243 and Trp 244 (Frickel et al. 2002; Leach et al. 2002; Martin et al. 2006 ) and all were found to be negatively selected in this study (Table S1) .
CRT has long been hypothesized to play a role in autoimmunity (Eggleton & Llewellyn 1999) . Ling et al. (2010) findings indicated that the rheumatoid arthritis shared epitope -a five-residue motif from HLA-DRB1 alleles known as a risk factor for disease severity (Gregersen et al. 1987) and to interact with cell surface CRT (Ling et al. 2007 ) activated signalling maps to the 234-240 region of the (rabbit) CRT P-domain. This interaction depends primarily on Glu 234 and Glu 240 , and to a lesser extent on Asp 237 (Ling et al. 2010 ). This entire amino acids region was shown to be negatively selected as reported in Table S1 .
Interestingly, in vitro studies indicated that the Pdomain binds Ca 2+ with a high affinity (K d = 1 µM) and a low capacity (1 mol of Ca 2+ per mol of protein) (Baksh & Michalak 1991) . The third domain of CRT is the low affinity (K d = 2 mol/l), high capacity (25 mol of Ca 2+ per mol of protein) Ca 2+ binding C-domain (residues 291-400) (Baksh & Michalak 1991; Nakamura et al., 2001 ). This domain is responsible for binding over 50% of Ca 2+ in the ER (Nakamura et al., 2001 ). The Ca 2+ binding capacity of the C-domain is derived from large clusters of acidic amino acid residues consisting of aspartic and glutamic acids interrupted with basic residues of lysine and arginine (Breier & Michalak 1994) . Interruption of the basic residues, interestingly, results in a reduction in the Ca 2+ binding capacity of CRT (Breier & Michalak 1994) . Both CANX and CRT lectin/globular domains contain a single high affinity Ca 2+ -binding site (Kozlov et al. 2010) . As revealed by the crystal structures of human and mouse CRT globular domains, the bound Ca 2+ ion, playing a crucial stabilization role, is coordinated by the following ligands: the backbone carbonyls of Gln 26 , Lys 62 , Lys 64 , two water molecules and the side-chain carbonyl oxygens of Asp 328 (Kozlov et al. 2010; Chouquet et al. 2011; ) . Only codon position 328 resulted negatively selected in our investigation.
According to Pocanschi et al. (2011) , within the lectin domain there is also a polypeptide-binding site that mediates CRT classical chaperone activity; its precise location remains unknown. A hydrophobic patch along the P-domain possibly constitutes a secondary polypeptide-binding site (Pocanschi et al. 2011 Table S1 . Three small hydrophobic cores have been described within the P-R. Bakiu (Pocanschi et al. 2011) . The corresponding positions were found to be negatively selected (Table S1 ) and suggested the relative structurally importance of these residues.
However, conformational changes of CRT were not exclusively due to fluctuations in Ca 2+ concentrations of the ER lumen, but it resulted also from mutations in specific amino acids residues of the protein (Corbett et al. 2000; Guo et al. 2003; Martin et al. 2006) . These mutations were thought to impact the functionality of the chaperone function of the protein (Corbett et al. 2000; Guo et al. 2003; Martin et al. 2006) . All previously used techniques might fail to recognize sites where selection was episodic. For this reason, MEME program was used that is capable of identifying instances of both episodic and pervasive positive selection at the level of an individual site (Murrell et al. 2012 ). As shown in Table 4 , MEME was the only method able to identify the positively selected sites and suggested that previous used methods were not successful, probably because an episodic positive/diversifying selection had operated in the molecular evolution of CRT. This was supported by the high prevalence of negatively selected sites proportion respect to positive selection sites one. Indeed the number of negatively selected codons (see Table S1 : 203) is about 20 times higher than positively selected codons number (see Table S1 : 10). All the mentioned codons had not been previously analysed. It would be very useful to analyse the corresponding amino acid positions by using an experimental approach. Like the negatively selected sites, the positively selected ones seemed to be structurally or functionally very important in the molecular evolution of CRT. Probably the positive selection had operated on these positions and might be responsible for the conformational change of CRT, though the negative selection had operated all over the CRT primary structure. The importance of the positively selected sites remains to be investigated by using site-specific mutagenesis. Kosakovsky Pond et al. (2005a) recommended that if all CRT codon sequences had not been screened for recombination, selection analyses of alignments with recombinants in them using a single tree could generate misleading results. Thus, genetic algorithm recombination detection and single breakpoint programs (Kosakovsky Pond et al. 2006) were used in order to identify possible breakpoints in the CRT codon sequences. The genetic algorithm recombination detection and single breakpoint applications found no evidence of breakpoints. These results further confirmed the significance of previously obtained results. However their functionality must be confirmed experimentally by using an experimental approach.
